M echanical ventilation support is needed for most extremely preterm (EPT) infants (gestational age [GA] <28 weeks] to maintain adequate oxygenation and ventilation. 1 The coexistence of lung immaturity, weak respiratory drive, excessively compliant chest wall, and surfactant deficiency often contribute to dependency on mechanical ventilation during the first days or weeks after birth. Prolonged mechanical ventilation is associated with high mortality and morbidities including ventilator-associated pneumonia, pneumothorax, and bronchopulmonary dysplasia (BPD). [1] [2] [3] Each additional week of mechanical ventilation is associated with an increase in the risk of neurodevelopmental impairment. 1 Reduction in the need and duration of invasive mechanical ventilation may potentially improve outcome of preterm infants. This goal may be achieved by the use of noninvasive respiratory support and, among intubated infants, by reducing the duration of mechanical ventilation by successful extubation as early as possible. Large randomized controlled trials have demonstrated that the outcome of neonates supported initially with noninvasive support (such as continuous positive airway pressure [CPAP] ) is comparable with those intubated and given early endotracheal surfactant. 4, 5 Weaning from the ventilator in preterm neonates is quite variable and inconsistent among centers and clinicians who have limited ability to predict extubation readiness. 6 The Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Neonatal Research Network's (NRN) randomized controlled Surfactant, Positive Pressure, and Oxygenation Randomized Trial (SUPPORT) provided specific extubation and reintubation criteria for the 2 randomization groups of permissive ventilation (CPAP group) or ventilation and early surfactant (surfactant group). The variables established for the SUPPORT trial were targeted to minimize ventilation time for the CPAP group, and allow for more time intubated for the surfactant group. At present, there is a paucity of data on the incidence of failed elective extubation and its association with the clinical outcome of preterm infants. Rates of extubation failure may be as high as 40%-50% among extremely preterm infants in some centers. [7] [8] [9] The incidence of extubation failure varies significantly in studies because of lack of uniform definitions and criteria for extubation and reintubation.
BPD
Extubation failure has been independently associated with increased mortality, longer hospitalization, and more days on oxygen and ventilatory support. [10] [11] [12] It is critical, therefore, to attempt extubation early and at a time when successful extubation is likely. Identifying factors associated with successful extubation may help reduce the duration of mechanical ventilation, improve outcomes, as well as help in designing future research studies to improve the outcomes of ventilated preterm infants.
We used a cohort of EPT infants enrolled in the SUPPORT randomized controlled trial of permissive ventilation strategy (CPAP) vs endotracheal intubation followed by surfactant (surfactant) to identify clinical variables that were associated with a successful first elective extubation and to evaluate mortality and short-term morbidities associated with extubation failure after elective extubation. The primary hypothesis was that perinatal and peri-extubation characteristics are associated with successful extubation among EPT infants. The secondary hypothesis was that failed extubation would be associated with higher mortality and neonatal morbidities among these infants.
Methods
This was a secondary analysis of pre-existing data from the SUPPORT trial conducted at the participating sites of NICHD NRN (ClinicalTrials.gov: NCT00233324). Institutional review board approval and parental consent was obtained for the main SUPPORT trial. Patients were eligible for the SUPPORT trial if they were (1) 24 0/7 to 27 6/7 weeks by best obstetric estimate; (2) born without known malformations; and (3) if a decision had been made to provide full resuscitation for them after written informed consent had been obtained from a parent. Enrolled subjects were randomized before delivery to either noninvasive respiratory support and a permissive ventilatory strategy (CPAP group) or intubation followed by early surfactant (surfactant group). Infants were also randomized to different oxygen saturation targets (85%-89% and 91%-95%). For the current study, all infants enrolled in the SUPPORT trial who were endotracheally intubated within the first 24 hours of postnatal age were included. Infants who died before an extubation attempt, had accidental extubation, or were transferred/discharged home prior to an elective extubation attempt were excluded.
Detailed data were collected for baseline characteristics (GA, birth weight, sex, race, hypertensive disorders of pregnancy, acute chorioamnionitis, prolonged rupture of membrane [>18 hours], mode of delivery, multiple births, antenatal steroids administration, resuscitation in the delivery room), and respiratory support on day 1. Successful extubation was defined as survival without the need for respiratory support with an endotracheal tube for more than 5 days. Peri-extubation characteristics were collected, including age at extubation, ventilator support (fraction of inspired oxygen [FiO2], pH, and partial pressure of carbon dioxide [PCO2] prior to extubation), and postextubation respiratory support. An electronically altered pulse oximeter (Masimo Radical Pulse Oximeter; Masimo, Radical, Yorba, California), which had a maximum variation of 3%, was used in SUPPORT trial until 36 weeks' postmenstrual age (PMA) for both lower (85%-89%) and higher (91%-95%) target saturation groups.
Criteria for intubation, extubation, and reintubation were different in the 2 study groups during the first 2 weeks of age. Infants in the CPAP group could be intubated if they met any of the following criteria: FiO2 >0.50 required to maintain oxygen saturation at or above 88% using the study electronically altered pulse oximeter, PCO2 >65 mm Hg, or hemodynamic instability. Intubation could also be performed at any time for repetitive apnea requiring positive pressure ventilation, clinical shock, sepsis, and/or the need for surgery. Extubation of an infant in the CPAP group was to be attempted within 24 hours after the infant met all of the following criteria: a PCO2 below 65 mm Hg with a pH higher than 7.20; an oxygen saturation at or above 88% using the altered study pulse oximeter with an FiO2 less than or equal to 0.50; a mean airway pressure of less than 10 cm H2O; a ventilator rate of less than or equal to 20 breaths per minute; an amplitude of less than twice the mean airway pressure if high-frequency oscillatory ventilation was being used; hemodynamic stability; and the absence of clinically significant patent ductus arteriosus. Criteria for reintubation were the same as those for initial intubation.
All patients in the surfactant group were to be intubated in the delivery room and receive surfactant within 1 hour of birth. The infants were to be extubated within 24 hours after meeting THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 189 • October 2017 the following criteria: a PCO2 of less than 50 mm Hg and a pH greater than 7.30; an FiO2 ≤0.35 with a blood oxygen saturation level of 88% or higher using the altered study pulse oximeter; a mean airway pressure less than 8 cm H2O; a ventilator rate of 20 breaths per minute or less; an amplitude of less than twice the mean airway pressure if high-frequency oscillatory ventilation was being used; and hemodynamic stability without evidence of clinically significant patent ductus arteriosus. Infants randomized to the surfactant group could be reintubated by standard of care guidelines of the participating institution. The primary outcome was successful extubation for greater than 5 days. Secondary outcomes were BPD, late onset sepsis, death and/or BPD, length of hospital stay, days on mechanical ventilation and days on supplemental oxygen among survivors. BPD was defined as the use of supplemental oxygen at 36 weeks' PMA or discharge. 13 Sepsis was defined as a positive blood culture after 72 hours of age and antibiotic administration for minimum of 5 days, or less if the patient died. Severe intracranial hemorrhage (ICH) was defined as ventricular enlargement with concurrent or prior blood in the ventricles and/or a cerebral parenchymal bleed.
Statistical Analyses
To study the incidence and predictors of successful extubation, we included only the first extubation attempt. We compared the perinatal and peri-extubation characteristics of successfully extubated infants with those who failed extubation. Categorical characteristics were compared between the 2 groups using c 2 or Fisher exact tests, and continuous characteristics were analyzed using t tests or Wilcoxon rank sum tests. A generalized linear mixed model was created to determine factors associated with successful extubation. Independent variables in the model were selected based on clinical and statistical association with extubation failure (P values of <.10 in bivariate tests). Center was included as a random effect. Surfactant or CPAP group assignment was also included as an independent variable. We also performed a subgroup analysis and created a generalized linear mixed model to determine factors associated with successful extubation for the CPAP and surfactant groups separately.
Patients in the successful and failed extubation groups were compared for neonatal morbidities including death, BPD, death/BPD, severe ICH, sepsis, length of hospital stay, days on mechanical ventilation with endotracheal tube and days on oxygen support (among survivors). Among those neonates who failed extubation, we explored the timing of extubation failure using a Kaplan-Meier survival curve.
Results
Of 1316 infants in the SUPPORT trial, 1071 (81%) infants were intubated in the first 24 hours after birth, and 926 infants had data available for extubation success/failure outcome. Of the 926 infants, 538 (58%) of the extubations were successful and 388 (41.9%) failed. Fifty percent (188/374) of those who were in the CPAP group and were intubated, and 63% (350/552) of those in the surfactant group were successfully extubated.
Neonates in the failed extubation group had lower birth weight (mean ± SD 764 ± 177 vs 882 ± 180 g), GA (25.8 ± 1.0 vs 26.5 ± 1.0 week), rate of prolonged rupture of membranes (50% vs 61%), 5-minute Apgar score (median [IQR], 7 [5] [6] [7] [8] vs 7 [6] [7] [8] , higher FiO2 in first 24 hours of age [36% vs 29%], surfactant doses (2 ± 1.15 vs 1.5 ± 0.89), randomization to CPAP group (48% vs 35%), and were more likely to be small for gestational age (SGA) ( Table I) .
More neonates received delivery room chest compression and epinephrine in the failed extubation group.
Table II presents the unadjusted comparison of periextubation clinical and respiratory variables in the failed and successful extubation groups. Neonates in the successful extubation group had higher PMA, pH, and lower PCO2 and FiO2 prior to extubation compared with neonates in the failed group. Multivariable analysis showed that higher 5-minute Apgar score (OR 1.12; 95% CI 1.00, 1.24), and higher pH prior to extubation (OR 1.76; 95% CI 1.17, 2.66) were associated (Figure 1) . The logistic regression model had an area under the curve of 0.84. Factors associated with extubation success in the multivariable analysis performed for the surfactant and CPAP group separately are shown in Figures 2 and 3 (available at www.jpeds.com).
In the surfactant group, only GA was significantly associated with the likelihood of successful extubation (OR 2.71; 95% CI 1.02, 7.22) (Figure 2 ). In the CPAP group, higher 5-minute Apgar score (OR 1.21; 95% CI 1.04, 1.40) and pH prior to extubation (OR 2.14; 1.15, 3.98) were associated with higher likelihood of successful extubation, and higher peak FiO2 within first 24 hours of age (OR 0.01; 95% 0.00, 0.11) and SGA status (OR 0.17; 95% CI 0.05, 0.60) were associated with lower likelihood of successful extubation (Figure 3) .
Among those who failed extubation within 5 days, most (75%) were reintubated within 2 days (Figure 4) . Among the successful group (n = 538) that included infants who remained extubated for at least 5 days, 243 (45%) were ultimately re-intubated. The median and IQR of the reintubation time (in days) were 11.5 (7.4, 18.6) . 
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In bivariate analysis, extubation failure was associated with a 5-fold increase in mortality, higher rate of BPD, BPD or death, severe ICH, and sepsis (Table III) . Among survivors, infants in the failed extubation group had longer hospital stays and more days on oxygen and mechanical ventilation compared with the successful extubation group. After adjustment for SGA status, randomization group (CPAP vs surfactant group), postextubation respiratory support, GA, FiO2 at 24 hours of age, 5-minute Apgar score, and PMA at extubation, failed extubation was associated with a higher rate of mortality (OR 2.89; 95% CI 1.73, 4.83), BPD (OR 3.06; 95% CI 2.11, 4.44), combined outcome of BPD or death (OR 3.27, 95% CI 2.31,4.64), and severe ICH (OR 2.28; 95% CI 1.42,3.66) .
Data on the occurrence and timing of severe ICH was collected for all infants till 14 days of age. Of those infants who were extubated within the first 14 days of age (n = 778), 36 had severe ICH diagnosed on or prior to the day of extubation: 7 (2%) in the successful extubation group, compared with 29 (9%) in the failed group. Forty-two infants had severe ICH diagnosed after the day of extubation: 13 (3%) in the successful group compared with 29 (9%) in the failed group.
Discussion
In a cohort of extremely preterm infants who participated in the NICHD NRN SUPPORT study, we noted a high rate of failed elective first extubation (41.9%). Higher 5-minute Apgar score, and pH prior to extubation, lower peak FiO2 within first 24 hours of age, lower PCO2 and FiO2 prior to extubation, and non-SGA status were associated with successful extubation. The area under the receiver operator characteristic curve for a model for extubation success was moderate (0.84). Because of lack of good evidence-based prediction tools for extubation success, weaning ventilatory variables and the decision to extubate are currently based on clinician preference and influenced by clinical evaluation, blood gas variables, oxygen needs, and level of ventilator support.
14 Preterm neonates may fail extubation because of a combination of reasons including increased work of breathing, significant apnea and bradycardia, low oxygen saturation, respiratory acidosis, and upper airway narrowing. 12 Our results are consistent with the recent study by Manley et al 9 of extremely preterm infants (n = 174, <28 weeks GA), which showed that higher GA and lower pre-extubation PaCO2 predicted extubation success. 9 Lower GA, prolonged ventilation (>2 weeks), low 5-minute Apgar score, low pre-extubation blood pH, and extubation from higher ventilatory settings and failed spontaneous breathing test have been noted to be associated with extubation failure. 12, 15, 16 In comparison with published literature, our study found that the need for lower FiO2 at 24 hours of age and non-SGAstatus were also associated with extubation success. We speculate that high FiO2 requirement on day 1 of life could be a marker of severity of respiratory distress syndrome and brain immaturity, and SGA-status could be associated with poor lung growth. We noted that blood gas pH was significantly predictive of extubation readiness in the CPAP group, but not in the surfactant group. For clinicians following an aggressive extubation strategy, such as in the CPAP group of the SUPPORT trial, blood gas pH prior to extubation is an important marker for extubation readiness in addition to intrinsic infant characteristics.
The definition of extubation failure in previous studies has been quite variable among investigators ranging from 2 to 7 days after extubation. 6 Among neonates who experienced extubation failure within 5 days, most (75%) were reintubated less than 2 days after extubation (Figure 4) . Restriction to 3-5 days to define the incidence of extubation failure may capture most failed extubations and avoid inclusion of new onset morbidities as a cause of extubation failure.
We also noted that infants who failed extubation had higher rates of neonatal morbidities, including BPD, death, and combined outcome of BPD/death. Among survivors, the failed extubation group had longer hospital stay and more days on oxygen and mechanical ventilation compared with the successful extubation group.
Our results are consistent with a study by Baisch et al 11 on older children (n = 130) in pediatric intensive care unit settings that found failed extubation to be associated with longer hospital stay and ventilation courses. Manley et al 9 also noted that among extremely preterm (GA <28 weeks, n = 174) infants, those who failed extubation were more likely to die and to need prolonged respiratory support and hospitalization.
In addition to higher respiratory morbidity among those who failed extubation, we noted a higher rate of severe ICH. The relationship between failed extubation and this morbidity is not known. We do not know whether severe ICH contributed to the extubation failure, occurred because of extubation failure, or was just an association. Whether failed extubation produces a respiratory setback because of ineffective breathing that causes lung atelectasis or is just a marker of an inherent baseline difference in the groups of failed and successful infants cannot be determined from our data. Failed extubation has been associated with requirement of significantly higher respiratory support 24 hours after reintubation compared with pre-extubation support among EPT neonates. 12 Endotracheal reintubation is not an easy or benign process. Recent studies have reported rates of successful intubation between 60% and 73% in preterm neonates, as well as long time (51 ± 28 seconds) needed for intubation. 17, 18 Endotracheal intubation is associated with discomfort to the patient and may result in malposition of the tube, trauma to the airway, and hemodynamic instability. 17, [19] [20] [21] [22] Endotracheal intubations have also been associated with alterations in brain function as monitored by electroencephalography. 23 As extubation failure is associated with significant respiratory setback, neonatal morbidities, including BPD and higher mortality, the decision to electively extubate an extremely preterm infant needs to be carefully considered. Clinical status, blood gas variables including pH, PCO2, and level of respiratory support needed may provide guidance on the probability of successful extubation. Elective extubation in a patient not ready for extubation may lead to reintubation and an increase in neonatal morbidities.
At present, there is paucity of data on predictors of successful extubation and its effect on the clinical outcome of preterm infants. This study provides data in a large cohort of patients to reduce the knowledge gap in this area. Understanding clinical factors associated with extubation failure (pH, FiO2, and PCO2 prior to extubation) may provide guidance to clinicians to decide extubation readiness of extreme preterm infants. Understanding the mortality and morbidities associated with extubation failure stresses the need to identify neonates ready for extubation, as well as the need for research to explore the interventions to improve the success of extubation among preterm infants needing mechanical ventilation.
There are limitations in the current study. Even though we adjusted for important and significant clinical variables, there may be unknown differences in the failed and successful extubation groups, which may be associated with both failed extubation as well as the neonatal morbidities. There were differences in the intubation, extubation, and reintubation criteria in the 2 randomized groups. We adjusted for the randomization group in our analysis. We are not able to provide a cutoff for pCO2, pH, or FiO2 prior to extubation to predict extubation success as these factors were part of the intubation and extubation criteria specified for the SUPPORT CPAP and surfactant groups. This study focuses only on the initial extubation failure; in clinical practice, infants may have repeated intubation and extubation episodes. We did not have information on some pre-extubation respiratory support characteristics or on the use of caffeine before and after extubation in the study cohort. A recent systematic review noted that prophylactic methylxanthines reduce the rate of extubation failure in premature infants. 24 We noted higher use of noninvasive positive pressure ventilation (NIPPV) in the group that failed extubation (23.5%) compared with the successful extubation group (13.8%). Use of NIPPV has been associated with higher rates of successful extubation in randomized controlled trials. 24 As the current study did not control the use of respiratory support postextubation, we think that the higher use of NIPPV among the failed extubation group was related to the level of immaturity and sickness of the patients. Whether the association between extubation failure and morbidities such as severe ICH were related to the extubation procedure itself could not be determined from these data.
The strengths of the study include the size of the study population and use of prospectively collected data with welldefined, a priori definitions of various morbidities in a multicenter randomized controlled trial. The guidelines provided for extubation and reintubation in the study protocol helped to minimize variation in the approach of clinicians and allowed for the identification of other factors associated with extubation failure. Data from the current study provide potentially useful information on the associations between early clinical factors and extubation failure, along with an indication of their relative significance.
In conclusion, extubation failure is common (42%) in extremely preterm infants. Successful extubation for a minimum of 5 days in extremely preterm infants who participated in SUPPORT trial was associated with non-SGA status, higher 5-minute Apgar score, lower peak FiO2 within the first 24 hours of age, lower FiO2 prior to extubation, and higher pH and lower PCO2 at the time of extubation. Infants who failed extubation had significantly higher rates of mortality and neonatal morbidities, including BPD, BPD/death, and severe ICH. The latter findings underscore the need for further research to define extubation practices that result in the earliest possible extubation while minimizing extubation failure; our data can guide design of such studies. ■
